Abstract
Symmetry protected Dirac semimetals can be transformed into Weyl semimetals by breaking the protecting symmetry, leading to many exotic quantum phenomena such as chiral anomaly and anomalous Hall effect. Here we show that, due to the large Zeeman g factor and small band width along b-axis in Dirac semimetal ZrTe 5 gives an alternative explanation for the drop of MR at high field.
Three-dimensional (3D) Dirac and Weyl semimetals have attracted extensive attentions recently, due to their exotic transport properties and potential impacts on information technology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Dirac semimetal, holding a pair of Weyl points coinciding at the Dirac point, is usually unstable unless protected by some special symmetries such as time reversal symmetry (TRS), spatial inversion symmetry as well as crystalline point-group symmetry [14] [15] [16] [17] . Thus a magnetic field B, which breaks time reversal symmetry, can turn a Dirac semimetal to a Weyl semimetal, which is more robust since the Weyl points can only disappear by annihilation of pairs with opposite topological charges [18] . The recently discovered Dirac semimetal phase in layered material ZrTe 5 provides an ideal platform to explore the exotic quantum phenomena in TRS-broken Dirac semimetals, since in this layered material a modest magnetic field can drive the system into the quantum limit [19, 20] . In addition, compared with other topological semimetals, layered material ZrTe 5 has very weak interlayer coupling [21] as well as large Zeeman g factor according to recent magneto infrared spectroscopy study [19] . A small band width in the interlayer direction can be anticipated due to the weak interlayer coupling, which allows for a probable interplay with the Zeeman splitting when a sufficiently strong magnetic field is applied along the interlayer direction. Some unusual quantum phenomena can be anticipated due to the large Zeeman splitting, especially when it exceeds the band width in the interlayer direction, a regime never explored experimentally before.
In this paper, we show that in the interlayer direction of ZrTe 5 bulk crystals, Zeeman splitting at high field will likely exceed the band width and quench dispersion in this direction, and turn the 3D (massless) Weyl points into a massive 2D Dirac point by annihilating the Weyl points when they reach Brillouin zone (BZ) boundary.
Such a topological quantum phase transition is revealed by a sharp drop of MR at high field，which is probably due to the orbital splitting of the massive 2D Dirac point when the system is approaching to the zeroth Landau Level (LL). Our model of field-induced Weyl points annihilation in Dirac semimetal ZrTe 5 provides an alternative explanation for the drop of MR at high field.
ZrTe 5 single crystal has an orthorhombic layered structure with space group Cmcm
!" ) [21] . Despite its relatively low-symmetry crystal structure, this layered material has been demonstrated to be a 3D Dirac semimetal recently by magneto-infrared spectroscopy study [19, 22] , ARPES [2] and electrical transport experiments [2, 20] .
In ZrTe 5 , Zr atoms lie at the centers of right trigonal prisms of Te atoms stacked along the a-axis, while the parallel chains of trigonal prisms are coupled in the c-axis direction via zigzag chains of Te atoms to form two-dimensional a-c plane, then stacked along the b-axis into a crystal [23] . The detailed crystal growth and characterization are presented in Supplementary information (Part I). We performed transport measurements in different ZrTe 5 bulk crystals (sample ⋕1~sample ⋕4) with current along a-axis, which is the most conductive direction. the MR curve at 2 K, it seems that the MR peak near 8 T is due to the quantum oscillation or the Landau level (LL) splitting. However, with increasing the temperature, the peak position of MR shifts toward the high field region and disappears at T>70 K in our measured range. Such a MR peak cannot be attributed to LL splitting or the quantum oscillation. This is because temperature can only smear the splitting and weaken the amplitudes of the SdH oscillations without shifting the peak position. To give a clear demonstration of the Landau level, we plot versus 1/B under different temperatures in Fig. 1(b) . It clearly shows that a moderate magnetic field of about 5 T can drive the system into the first LL n=1, and the peak positions of low Landau index (n ≤ 2) are split into several sub-peaks at 2 K. Such split behavior of the LL can be attributed to the removal of spin degeneracy due to the spin Zeeman splitting [6, 19] .
To have a better understanding of the SdH oscillation, we have tracked the Note that there is a remarkable shoulder near B= 3 T which cannot be attributed to the spin Zeeman splitting, which we do not have a simple explanation at the moment.
Generally, the sub-peaks of spin Zeeman splitting should superimpose on the oscillation peaks of 3D bulk background, which should also exhibit a 3D tendency.
While in our observations, the 3D nature of bulk background is suppressed gradually as field increases, as indicated by the blue dashed arrows in Fig. 2 The Zeeman energy can be described as = ! , where ! is the Bohr magneton. The g factor can be extracted by
is the splitting spacing of the oscillation peaks and F is the oscillation frequency [24] .
According to our recent studies [20] , The effective cyclotron mass has * ~0 .026 ! for a-c plane carriers in ZrTe 5 . The calculated the effective g factor is about 32, which is comparable with recent experiments [19, 25] . Such a large effective Zeeman g factor hints that the Zeeman splitting may compete with the band width in interlayer direction at high field. To reveal the potential interplay between Zeeman splitting and band width along b-axis direction, we have systematically analyzed the band width To gain further insight into the quasi-2D character in high field region, we consider the low-energy effective Hamiltonian of a single Weyl point. In the absence of the magnetic field:
Here is momentum, are Pauli matrices corresponding to electron spin. !!!,!,! are the components of Fermi velocity along the three axes. The Weyl point is chosen to be at k=0. Applying a magnetic field B along , due to the Zeeman effect, the 3 rd term in Eq. (1) becomes:
where (2) will never be zero, thus the electron energy will never be zero, and the 3D Weyl point is lost. The σ ! term in Eq. (2), whose coefficient is always non-zero, plays a role very similar to a Dirac mass for a 2D Dirac
Hamiltonian.
Another way to understand this is the pair of Weyl points, initially split by the Zeeman field moving apart from each other (say from the BZ center), start to move toward each other as the Zeeman splitting becomes sufficiently strong due to the periodicity of the BZ, and eventually meet and annihilate each other at the BZ boundary, as illustrated in Fig. 3(a)-3(c) . As a result a mass gap is opened up in the electronic spectrum and the system is transformed from the 3D massless Weyl semimetal to a quasi-2D massive metal. Such field induced Weyl points annihilation is a topological quantum phase transition and has never been reported experimentally before.
When the two Weyl points meet at the Brillouin zone boundary, the two Weyl points now need to be taken into account on equal footing. For simplicity we assume in the following that the velocity is isotropic and the annihilation of two Weyl points happens at k=0, in which case the low-energy effective Hamiltonian near the annihilation transition is Now assuming the Zeeman splitting is large enough such that the dispersion along z direction can be neglected so the system is effectively 2D-like, we have
which is the 2D massive Dirac Hamiltonian.
We now consider the orbital effect that couples to the motion in the a-c plane when the system's Fermi energy approaches the zeroth LL. In the presence of magnetic field we need to perform the standard minimum substitution of
where is the mechanical momentum.
We have
in which = ℏc/eB is the magnetic length such that a, a ! = 1 , and the parameter ϵ ! = 2ℏv/ . Now we can see that the energy of zeroth LL 0 has shifted from zero energy to −∆ ! . The energy shift of zeroth LL ∆ ! is − * in high field region, where is approximately g ! . The estimated ∆ ! is about 7 meV near 15 T, above which ∆ ! will exceed the Fermi energy !~7 (Supplementary Part II) of our ZrTe 5 crystals and break the particle-hole symmetry in the energy spectrum, as illustrated in Fig. 3(e) . This is in sharp contrast to the case B < B * , where in the Weyl semimetal phase the spectrum is strictly particle-hole symmetric, with or without the magnetic field.
Thus the topological transition associated with the field-induced annihilation of the Weyl points reorganizes the electronic spectrum and induces additional carriers. This is consistent with our observation in Fig. 4 , where Hall resistance of sample ⋕2
shows an anomaly near MR peak position, hinting that extra carriers have been introduced by the orbital effect. Also, those extra carriers will enhance the conductivity and lead to a drop of MR near 8 T. This orbital splitting in 2D massive Dirac metal in the zero-mode LL is similar to the valley polarization of zeroth LL in transition metal dichalcogenides [26] [27] [28] [29] [30] [31] , where the valleys shift in opposite directions under magnetic field due to the different chiralities.
Further evidence for the orbital splitting in high field region comes from the anisotropic magnetoresistance (AMR) of sample ⋕1 in a rotating magnetic field, which provides a better insight on the anisotropy of the Fermi surface, as did in some other Dirac systems [32] [33] [34] [35] . Fig. 5 shows the AMR with B rotating consecutively in the b-c plane at an angle to b-axis. In layered material ZrTe 5 , the carrier in a-c plane has a maximal mobility and large MR, while in the other planes, the MR will be much smaller than that in a-c plane [36, 37] . Thus, as consecutively increases from 0°to 360°, the MR will change accordingly, and a 2-fold symmetry of AMR is formed in low field region (B<8 T). While above 8 T, the zeroth LL will shift away from zero energy consecutively as the increasing of the field, due to the orbital effect.
Correspondingly, the magnetoresistance will be largely suppressed and the observed 2-fold symmetry exhibits a deformation. Similar behavior can also be seen for magnetic field rotating in the b-a plane under different temperatures (Supplementary Part IV). As temperature increases, the orbital splitting is smeared out gradually, as we can see in Fig. 5 (b)-5(e) for T= 10 K, 30 K, 50 K and 80 K respectively. Recently, a quasi-2D Fermi surface is revealed in semimetal ZrTe 5 single crystals [38] , and the drop of MR at high field is attributed to the formation of the density wave in quantum limit, which will generate a mass gap [39] . However, a number of recent reports [20， 22，40] indicated that ZrTe 5 crystals exhibit a 3D Fermi surfaces. We believe that the many-body interaction is weak in our system due to the 3D Fermi surface with relative large Fermi velocity in interlayer direction. Since we have experimentally observed a clear transformation of the Fermi surface from 3D to quasi-2D, we therefore attribute such a resistance drop at quantum limit to the field-induced Weyl points annihilation. This model provides an alternative understanding on the exotic phenomena in Dirac semimetals.
In conclusion, we report a field-induced topological phase transition from 3D Weyl semimetal to 2D massive Dirac metal in ZrTe 5 when the Zeeman splitting exceeds the band width along the layered direction (i.e., the b-axis). This is manifested by a sharp drop of MR and Hall anomaly above 8 T induced by the orbital effect. Further evidence is provided by the different AMR under various rotating magnetic fields.
Our experiment reveals a probable field-induced Weyl points annihilation, which can stimulate further research on field-induced topological quantum phase transition in topological semimetals. 
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